1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) is a neurotoxin that causes parkinsonism in humans and nonhuman animals, and its use has led to greater understanding of the pathogenesis of Parkinson's disease. However, its molecular targets have not been defined. We show that mice lacking the gene for poly(ADP-ribose) polymerase (PARP), which catalyzes the attachment of ADP ribose units from NAD to nuclear proteins after DNA damage, are dramatically spared from MPTP neurotoxicity. MPTP potently activates PARP exclusively in vulnerable dopamine containing neurons of the substantia nigra. MPTP elicits a novel pattern of poly(ADP-ribosyl)ation of nuclear proteins that completely depends on neuronally derived nitric oxide. Thus, NO, DNA damage, and PARP activation play a critical role in
Parkinson's disease (PD) is a common and disabling idiopathic neurodegenerative disorder characterized by tremor, bradykinesia, rigidity, and balance difficulties. These motor abnormalities are attributed to depletion of brain dopamine (DA) that results from the dramatic loss of dopaminergic neurons in the substantia nigra pars compacta (SNpc) (1) (2) (3) . Although there are therapies available for PD that help alleviate symptoms, they may produce major side effects and lose efficacy over time as they do not modify the progressive neurodegeneration in PD (4) . Insight into the neurodegenerative process in PD comes from the use of the selective neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), which replicates parkinsonian motor signs in human and nonhuman animals (5-11). As in PD, MPTP can produce loss of dopaminergic neurons within the SNpc, Lewy body-like intraneuronal eosinophilic inclusions, markers of increased oxidative stress, and decrements in mitochondrial complex I activity (5) (6) (7) (8) . Recent studies suggest that nitric oxide (NO) and superoxide anion (O 2 Ϫ ) may play a role in MPTP neurotoxicity through mechanisms that are not known (12) (13) (14) (15) (16) . Peroxynitrite is thought to play a prominent role in O 2 Ϫ and NO-mediated neurotoxicity, which can result in cell death with both apoptotic and nonapoptotic morphologies (17) (18) (19) . NO, O 2 Ϫ , and peroxynitrite have vast potential targets, but share at least one common downstream target in that they damage DNA (17) (18) (19) (20) . DNA damage is a prime activator of poly(ADP-ribose) polymerase (PARP, EC 2.4.4.30), which uses NAD as a substrate to transfer ADP ribose groups to a variety of nuclear proteins. PARP is activated by binding to DNA ends or strand breaks, and its activity is strictly proportional to the number of DNA breaks, whereas it is totally inactive in the absence of DNA breaks (20) (21) (22) (23) (24) (25) . One of the earliest nuclear events that follows DNA strand breakage in response to exposure to free radicals is the poly(ADP-ribosyl)ation of nuclear proteins that are localized predominantly adjacent to the DNA strand breaks. Although PARP is a prominent caspase cleavage target during apoptosis, it is unlikely to play a prominent role in apoptotic cell death as cells lacking the gene for PARP are equally susceptible to apoptosis induced by tumor necrosis factor ␣, Fas ligand, or ␥-irradiation (26, 27) . Furthermore, PARP is activated primarily by single-strand nicks of DNA that typically occur after free radical damage, but it is insensitive to double-strand DNA ends that typically occur during apoptosis (28) . The exact function of PARP is not clear, but it is thought to play accessory roles in DNA replication, genomic stability, recombination, and DNA repair (20-23, 29, 30) . Although massive activation of PARP in acute injury of neurons during stroke leads to cell death, most likely through energy depletion (31) (32) (33) (34) , its potential role in a chronic neurodegenerative process is not known. In the present study we show that PARP activation is instrumental in MPTP-induced parkinsonism and dopaminergic neuronal loss.
METHODS

Animals.
All experiments were approved and conformed to the guidelines set by the Institutional Animal Care Committee. To avoid differences caused from strain effect or divergent genetic lines, PARP Ϫ/Ϫ mice used in this study were on a pure 129 Sv͞Ev background (26) with the colony maintained by outbreeding with purebred 129 Sv͞Ev wild-type (WT) controls (Taconic Farms). Thus the PARP Ϫ/Ϫ mice are of the same strain as controls, and inbreeding effects are minimized. All mice were also age-and gender-matched (male, 60-90 days old) to avoid known effects of age and estrogen on MPTPinduced neurotoxicity.
MPTP Treatment. PARP Ϫ/Ϫ
and WT mice were housed three to a cage in a temperature-controlled room with 12-hr dark͞light cycle and free access to food and water for the duration of the experiment. Each mouse received four i.p. injections of MPTP-HCl (20 mg͞kg free base, Research Biochemicals) in saline or saline alone at 2-hr intervals.
Measurement of Striatal DA, Dihydroxyphenylacetic Acid (DOPAC), and Homovanillic Acid (HVA) Levels. HPLC with electrochemical detection was used to measure striatal levels of DA, DOPAC, and HVA (14, 15) . Seven days after the last MPTP injection, mice (4-6 per group) were sacrificed, brains were quickly removed, and striata were dissected out on an ice-cold glass Petri dish (35) . Samples were immediately frozen on dry ice and stored at Ϫ80°C until analysis. On the day of the assay, tissue samples were sonicated in 50 volumes of 0.1 M perchloric acid containing 25 g͞ml of dihydrobenzylamine (Sigma) as internal standard. After centrifugation (15,000 ϫ g, 10 min, 4°C), 20 l of supernatant was injected onto a C18-reversed phase RP-80 catecholamine column (ESA, Bedford, MA). The mobile phase consisted of 90% of a solution of 50 mM sodium phosphate, 0.2 mM EDTA, and 1.2 mM heptanesulfonic acid (pH ϭ 3.5) and 10% methanol. Flow rate was 1.0 ml͞min. Peaks were detected by a Coulochem 5100A detector (E1 ϭ Ϫ0.04 V, E2 ϭ ϩ 0.35 V) (ESA). Data were collected and processed on a computerized Dynamax data manager (Rainin Instruments).
Measurement of Striatal l-Methyl-4-Phenylpyridimium (MPP ؉ ) Levels. HPLC with UV detection (wavelength 295 nm) was used to measure striatal MPP ϩ levels (14) . PARP Ϫ/Ϫ and WT mice (three per time point) were sacrificed 90, 120, and 240 min after the fourth MPTP injection. Striata were dissected as above, immediately frozen, and stored at Ϫ80°C until analysis. On the day of the assay, tissue samples were sonicated in 5 vol of 5% tricholoracetic acid containing 5 g͞ml of 4-phenylpyridine (Sigma) as internal standard. After centrifugation (as for catecholamines), 50-100 l of supernatant was injected onto a cation-exchange Ultracyl-CS column (Beckman, San Ramon, CA). The mobile phase consisted of 90% of a solution of 0.1 M acetic acid and 75 mM triethylamine-HCl (pH 2.35 adjusted with formic acid), and 10% acetonitrile. The flow rate was 1.5 ml. Data were collected and processed as above.
Immunohistochemistry. For tyrosine hydroxylase (TH) immunohistochemistry and Nissl staining, at 7 days after the last dose of MPTP, mice (five per group) were perfusion-fixed with 4% paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4 as described (15) . After postfixation in the same fixative solution, and cryoprotection in 20% sucrose͞PB, brains were frozen and serially sectioned (30 m for TH) through the entire midbrain. Alternate sections were stained for Nissl or TH. Neurons containing TH were demonstrated by incubating the tissue sections successively with a rabbit polyclonal anti-TH antibody (1:1,000, Eugene Tech, Ridgefield Park, NJ), a biotinylated-conjugated polyclonal goat anti-rabbit antibody (1:200; Vector Laboratories), and a horseradish-peroxidaseconjugated avidin͞biotin complex (Vector) as described (15, 36) .
Poly(ADP-Ribose) Polymer Western Blots and Immunohistochemistry. Ventrolateral midbrain and striata were dissected from mice treated with MPTP and immediately frozen. Samples were homogenized in buffer (sucrose͞DTT) and centrifuged (5 min, 14,000 ϫ g), and the pellet was resuspended in buffer. Protein concentrations were determined by the Bradford assay, and equal samples were loaded on a gradient SDS͞PAGE (30 g per lane). The gels were transferred to a nitrocellulose membrane and incubated with anti-poly(ADPribose) mAb. Membranes were stained with Ponceau S (0.1%) to confirm equal loading and transfer. After blocking of nonspecific sites, membranes were incubated with antibodies to poly(ADP-ribose) (1:250). Bands were visualized via chemiluminesence. For immunohistochemistry mice were perfusionfixed in 4% paraformaldehyde in 0.1 M PB (pH 7.4) first by deeply anesthetizing the animal with i.p. pentobarbital. Chilled 1ϫ PBS was infused into the left ventricle as blood was allowed to escape the right atrium. Once blood was replaced by PBS, the PB-paraformaldehyde was infused. After infusion, the brain was removed and allowed to postfix in PB-paraformaldehyde for 4 hr and then transferred to 20% glycerol͞PB for cryoprotection. The brains were blocked and frozen for sliding microtome sectioning. Serial sections (40 m) through the midbrain and striatum were taken and incubated with a polyclonal guinea pig antibody to poly(ADP-ribose) (1:400) in PBS-12% BSA overnight at 4°C. Sections were washed for 10 min ϫ 3 in PBS-12% BSA and incubated with secondary anti-guinea pig antibodies (biotin-conjugated, Jackson ImmunoResearch) in PBS-12% BSA at room temperature for 45 min. Texas-red (Vector Laboratories) was used to visualize the immunostaining. Sections were washed for 10 min ϫ 2 in PBS-12% and then for 10 min ϫ 2 in PBS. Slides were mounted with PBS in 80% glycerol and visualized by fluorescence microscopy through a green filter. A black and white camera digitally captured the image to a computer, which then was pseudocolored red (IP Scanalytics, Fairfax, VA).
Stereology. The total number of TH-and Nissl-stained SNpc neurons were counted from five mice per group by using the optical fractionator (37) , an unbiased method of cell counting that is not affected by either the volume of reference (i.e., SNpc) or the size of the counted elements (i.e., neurons). Neuronal counts were performed by using a computer-assisted image analysis system consisting of a Zeiss Axiophot photomicroscope equipped with a MC-XYZ-LC (Applied Scientific Instrumentation, Eugene, OR) computer-controlled motorized stage, a DAGE-MTA (Michigan, IN) video camera, a Macintosh 9600 workstation, and NeuroZoom morphometry software (Scripps Research Institute, La Jolla, CA) (38) . In agreement with this method, TH-and Nissl-stained neurons were counted in the right and left SNpc of every fourth section throughout the entire extent of the SNpc. Each midbrain section was viewed at low power (ϫ10 objective), and the SNpc was outlined by using the set of anatomical landmarks defined previously (15, 36) . Then at a random start, the number of THand Nissl-stained cells were counted at high power (ϫ100 oil; numerical aperture 1.4). To avoid double counting of neurons with unusual shapes, TH-and Nissl-stained cells were counted only when their nuclei were optimally visualized, which occurred only in one focal plane. In addition, neurons were differentiated from nonneuronal cells, including glia, in the Nissl stain by the exclusion of cells that did not have a clearly defined nucleus, cytoplasm, and a prominent nucleolus. Although some small neurons may be excluded, these criteria should reliably exclude all non-neuronal cells. After all of the TH-and Nissl-stained neurons were counted, the total numbers of TH-and Nissl-stained neurons in the SNpc were calculated by using the formula described by West et al. (37) .
Statistical Analysis. Throughout the experiments, the investigators were blinded to the genotype of the mice (i.e., PARP Ϫ/Ϫ or WT) and the treatment received (i.e., MPTP or saline). All values are expressed as the mean Ϯ SEM. Differences among means were analyzed by using one-way or twoway ANOVA. When two-way ANOVA was appropriate, the different genotypes and treatments were used as the independent factors. When ANOVA showed significant differences, pair-wise comparisons between means were tested by Fisher or Newman-Keuls post hoc tests. In all analyses, the null hypothesis was rejected at the 0.05 level. All statistical analyses were performed by using STATVIEW (Abacus Software, San Francisco). 
RESULTS
Most pharmacological PARP inhibitors lack specificity and have poor central nervous system bioavailability, raising serious questions about the validity of in vivo studies (20) (21) (22) . To overcome these problems and to ascertain whether PARP activation participates in MPTP neurotoxicity, we examined the effects of MPTP in mice with targeted disruption of the gene that encodes for PARP (PARP Ϫ/Ϫ ) (26, 39) compared with strain-, age-, and gender-matched WT controls (Fig. 1) . It is important to mention that the PARP Ϫ/Ϫ mice used in this study are congenic and outbred with the 129 Sv͞Ev strain (26), thus any observed phenotype is most likely caused by the absence of the PARP gene and is not the result of genetic strain effects. One week after four injections of MPTP at 20 mg͞kg, an 80-90% reduction in striatal DA, DOPAC, and HVA is observed in WT mice (Fig. 1) . PARP Ϫ/Ϫ mice are resistant to the toxic effects of MPTP and show significantly lower reductions in DA, DOPAC, and HVA levels than WT mice (Fig. 1) .
In addition to the destruction of DA nerve terminals in the striatum, there is an accompanying loss of DA cell bodies in the SNpc in PD. Furthermore, MPTP-induced destruction of DA nerve terminals does not necessarily equate with loss of cell bodies (40, 41) . Thus, it is important to determine whether the absence of PARP protects against the actual loss of DA neurons in the MPTP mouse model. By using stereological techniques, we counted the number of nigral TH-positive neurons in saline-injected WT and PARP Ϫ/Ϫ mice 1 week after four injections of MPTP at 20 mg͞kg (Fig. 2) . In WT and PARP Ϫ/Ϫ mice there is a large number of TH-positive cell bodies intermingled with a dense network of TH-positive nerve fibers within the SNpc, and there is no significant difference in the number of TH-positive cells between the two groups of saline-injected animals (data not shown). MPTP causes a 60% reduction in nigral TH-positive neurons in WT mice compared with saline-injected controls. The loss of SNpc TH-positive neurons after MPTP is virtually abolished in PARP Ϫ/Ϫ mice (Fig. 2) . MPTP also causes a 60% reduction in Nissl-stained SNpc neurons after MPTP in WT mice, whereas Nissl-stained SNpc neurons are completely spared in PARP Ϫ/Ϫ mice (Fig. 2) . The preservation of both TH and Nissl-stained neurons in the PARP Ϫ/Ϫ mice indicates that the absence of PARP prevents the MPTP-induced death of SNpc neurons.
MPTP requires conversion to MPP ϩ by monoamine oxidase B (MAO-B) to elicit neurotoxicity (42) . MPP ϩ then is transported into DA neurons where it concentrates in the mitochondria and inhibits complex I (43) (44) (45) (46) . To ensure that the protection afforded by the disruption of the PARP gene is not caused by alterations in MPP ϩ concentrations in the brain we monitored MAO-B activity and striatal MPP ϩ levels in WT and PARP Ϫ/Ϫ mice. Brain MAO-B activity is not significantly different between WT and PARP Ϫ/Ϫ mice (Table 1) . Because striatal MPP ϩ levels correlate significantly with the degree of DA neurotoxicity, we also monitored striatal MPP ϩ levels in WT versus PARP Ϫ/Ϫ mice. Previously we had shown that striatal MPP ϩ content reaches a peak level approximately 90 min after MPTP injection (15) . Accordingly, we determined striatal MPP ϩ content at 90 min after four injections of MPTP as well as 2 and 4 hr after the fourth MPTP injection ( Table  2) . At no time point was the striatal MPP ϩ level significantly different between WT and PARP Ϫ/Ϫ mice. Thus, the absence of the functional PARP protein by genetic knockout accounts for MPTP resistance in PARP Ϫ/Ϫ mice.
Poly(ADP-ribose) formation via nuclear protein modification is a marker of PARP catalytic activity (20-22, 24, 25, 29, 30, 47-49) . In preliminary experiments we examined several time points after MPTP injection to determine when PARP is activated (data not shown). We monitored poly(ADPribosyl)ation by using a highly selective and specific mAb to poly(ADP-ribose). We failed to observe any PARP activity in the mouse ventral midbrain, which contains the SNpc until after the fourth injection of MPTP (Fig. 3) . Poly(ADPribosyl)ation of nuclear proteins is maximal at 2 hr after the fourth injection, and it is still present at 72 hr after the fourth injection. No poly(ADP-ribose) is detected in the striatum of WT animals after MPTP administration, confirming the specificity of the detection of poly(ADP-ribose) (data not shown). In addition to undergoing automodification, PARP catalyzes the poly(ADP-ribosyl)ation of several nuclear proteins, including histones, topoisomerase I and II, DNA polymerase a, proliferating cell nuclear antigen, and p53, all of which play a role in reactions involving DNA strand breaks. PARP is usually the major protein that is poly(ADP-ribosyl)ated; however, unexpectedly we observe that several of these potential alternative acceptors are strongly poly(ADP-ribosyl)ated after MPTP. The precise identities of the ADP-ribosylated proteins under these conditions have not been established; however, based on prior observations, the bands at 116 kDa, 100 kDa, and 53 kDa may represent PARP, topoisomerase I and p53, respectively (49) (50) (51) . In striking contrast there is no poly(ADPribose) formation in the PARP Ϫ/Ϫ mice after MPTP administration (Fig. 3) .
NO is thought to play a major role in activating PARP through its ability to promote nonapoptotic DNA damage (32, 33) . To determine whether there is a link between NO and PARP in MPTP-induced parkinsonism, we monitored poly-(ADP-ribosyl)ation after MPTP administration in mice lacking the gene for neuronal NO synthase (nNOS Ϫ/Ϫ ) (52). Remarkably, we do not detect any poly(ADP-ribose) formation in nNOS Ϫ/Ϫ mice (Fig. 3) . These data coupled with the observation that NO plays a role in MPTP-induced cell death (12, 13, 15, 16) indicate that NO-induced DNA damage is necessary for PARP activation in MPTP neurotoxicity.
To ascertain whether poly(ADP-ribose) formation was specific to MPTP-injured DA neurons in the SNpc, we monitored the cellular localization of poly(ADP-ribose) formation via immunocytochemistry in the SNpc of WT versus PARP Ϫ/Ϫ mice and nNOS Ϫ/Ϫ mice (Fig. 4) . We observe intense nuclear poly(ADP-ribosyl)ation in TH-positive SNpc neurons from WT mice but fail to observe any poly(ADP-ribose) formation in nuclei of PARP Ϫ/Ϫ mice and nNOS Ϫ/Ϫ mice (Fig. 4) . 
DISCUSSION
The major finding of this study is that PARP activation is a principal determinant of MPTP-induced dopaminergic cell death. The profound protection against MPTP neurotoxicity in the PARP Ϫ/Ϫ mice coupled with the observation that DNA is fragmented after MPTP both in vivo and in vitro (53, 54) implicates DNA damage in MPTP-induced neuronal killing. Previous studies indicate that neuronally derived NO and O 2 Ϫ play an important role in MPTP neurotoxicity. Protection against MPTP neurotoxicity is provided by selective nNOS inhibitors or the absence of the nNOS gene (12, 13, 15) . MPP ϩ directly inhibits complex I of the mitochondria, leading to the generation of superoxide anion (55, 56) . The combination of NO and O 2 Ϫ , which forms peroxynitrite, is probably the force behind DNA damage in MPTP-induced neurotoxicity as the footprints of peroxynitrite-, nitrotyrosine- (12), and nitrotyrosine-modified proteins (57) , are readily detected after MPTP administration. Our observations that PARP is not activated in nNOS Ϫ/Ϫ mice after MPTP links NO, peroxynitrite, and PARP activation in cell death mediated by MPTP. PARP activation is not seen until the fourth injection of MPTP in our paradigm. It is likely that a critical threshold of peroxynitrite formation is required to initiate the cascade of (57), which parallels the peak of poly(ADP-ribose) formation. The TH-positive and Nissl-stained neurons of the SNpc are completely spared from the neurotoxic effects of MPTP in the PARP Ϫ/Ϫ mice. This finding contrasts with only a partial, but significant, sparing of striatal DA content in the PARP Ϫ/Ϫ mice. It is well known that the destruction of striatal DA terminals does not necessarily equate with cell loss (58) . The complete sparing of dopaminergic neurons, but the loss of striatal DA content may be caused by peroxynitrite-mediated nitration and inactivation of TH (57), the rate-limiting enzyme of DA biosynthesis.
After MPTP neurotoxicity, the following sequence of events presumably takes place. MPTP is converted by MAO-B to MPP ϩ , which then is taken up into DA neurons via the DA transporter into cell bodies and projections, followed by transport into the mitochondria (42) (43) (44) (45) (46) . Once there, MPP ϩ potently inhibits complex I, which poisons the mitochondrial electron transport chain, leading to decrements in cellular ATP and formation of O 2 Ϫ . NO combines with O 2 Ϫ to form peroxynitrite, which leads to DNA damage that activates PARP. PARP activation depletes NAD via poly(ADPribosyl)ation of nuclear proteins, and ATP is further depleted in an effort to resynthesize NAD, leading to cell death by energy depletion. Consistent with this notion is the observation that replacement of cellular energy stores provides protection against MPTP neurotoxicity (59-61). Although energy depletion is thought to play a prominent role in PARPmediated cell death (20 -22) , the pattern of poly(ADPribosyl)ation of several nuclear proteins raises the interesting possibility that PARP activation also could contribute to cell death through alternative pathways (20-22, 50, 51) . These alternative pathways might account for the profound neuroprotection afforded by deletion of the PARP gene, but only partial protection with replacement of energy stores (59) (60) (61) .
The role of PARP activation in other forms of cell death, such as cerebral ischemia, glutamate excitotoxicity, cytokine, and free radical-mediated damage to pancreatic islet cells as well as cardiac damage after occlusion of coronary arteries, (1999) suggests that PARP may be a critical choke point in a variety of important pathologic conditions (20) (21) (22) . The failure to detect PARP activation in nNOS Ϫ/Ϫ mice after MPTP administration suggests that NO is critical in this process. Although prior studies indicate that the absence of PARP leads to short-term protection against acute injury (20) (21) (22) , we demonstrate that neurons are alive and functioning for an extended period after a toxic insult. Further understanding of these events may inspire novel therapeutics in the treatment of neurodegenerative disorders.
